We investigated the important factors that control the structure of polymeric particles fabricated from emulsion templates. We found that the most energetically stable structure predicted by interfacial energy analysis is not always achieved. The slow dynamics due to an increase in the viscosity of the emulsion phases prevents the polymeric particles from achieving their equilibrium structure. We devised a novel strategy to remove this kinetic barrier, thus achieving the expected equilibrium structure. By considering both the thermodynamic and kinetic aspects during the droplet evolution process, a spectrum of final particle structures can be manipulated in a controlled manner. Our work will enable particle engineering for applications including drug delivery, biomimetic vesicles and photonics.
Introduction
Due to their tunable size, structure and surface properties, polymer particles nd important applications in chromatographic separation, clinical diagnosis, photonics, and drug delivery. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The performance of polymer particles is strongly inuenced by their structures. For example, the solid shells of particles with core-shell structures can protect the active ingredients in the cores against undesired degradation and release to the surroundings. 7, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] Moreover, the shell layer can also modulate the release pattern of the active ingredients.
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With their two regions of distinctive compositions, Janus particles can provide two compartments for encapsulating two active ingredients of drastically different characteristics and releasing them simultaneously. [19] [20] [21] [22] [23] [24] In these applications, the ability to control the structure is critical.
One frequently used and facile method to fabricate polymeric particles is to evaporate the solvent from emulsion droplets. 10, 13, 25, 26 The polymer is rst dissolved in a solvent and subsequently used as a dispersed phase to generate emulsions. Generally, spherical polymeric particles are formed since droplets tend to adopt a spherical shape to minimize the overall surface energy. If multiple incompatible compounds are dissolved, phase separation can occur upon the removal of solvents. 24, [27] [28] [29] [30] The resultant polymeric particles can have a variety of structures, which can be spherical with multiple patches, Janus-like, core-shell or multi-compartmental with detachable compartments. 14, 18, 26, 31, 32 Conventionally, the nal structure of the formed particles is predicted by analyzing interfacial tensions between various pairs of liquid phases, such as oil, water, or polymer solutions. The structure with the lowest surface energy normally represents the equilibrium structure. So far, this approach has been successful in predicting the nal structures of polymer particles prepared. 11, 15, 17, 32 For example, by dissolving a polymer, such as poly(methyl methacrylate) (PMMA) or polystyrene, in a mixture of good and poor organic solvents, polymer shells with oil cores are formed by appropriately adjusting interfacial tensions between immiscible liquids. This core-shell structure, as successfully predicted based on an interfacial tension analysis, with oil phases encapsulated by polymer shells, has been used in ultrasound contrast agents and for controlled release of fragrances. 11, 15, 17 However, in polymeric composite particles, which typically consist of polymers and other components, such as surfactants, the nal structures of the particles do not necessarily agree with the equilibrium structures predicted. 31, 32 Co-existence of several non-equilibrium structures, such as acorn-like and core-shell structures, is also observed. 31, 32 The deviation of the nal structures from the equilibrium structure predicted is not unique to polymeric particles. In the self-assembly of amphiphilic molecules, such as lipids and block copolymers, different non-equilibrium structures are oen observed. Due to trapping of the molecules by the preparation conditions, the nal structures oen depend more on the processing path these molecules take towards equilibrium. 29, 33, 34 These observations suggest that thermodynamics is not the only factor that controls the nal structures of multiphase systems. Similarly, as emulsion droplets solidify into particles, uid properties such as viscosity change dramatically. As viscosity increases, the solidication dynamics may slow down and prevent the equilibrium structure to be reached. This kinetic aspect of the droplet evolution remains to be explored. Thus, a comprehensive understanding of the important factors contributing to the nal structure will enable us to avoid the generation of non-equilibrium structures and manipulate the nal structures in a controlled manner.
In this work, we investigate the kinetic and thermodynamic conditions during emulsion droplet solidication, and their effect on the nal structures of the polymer particles. We show that the equilibrium structures cannot always be achieved and kinetic parameters controlled by viscosity also have to be considered. To conrm the importance of the kinetic aspect, we demonstrate that by removing the kinetic barrier, the equilibrium morphology can be achieved. An understanding of the balance between thermodynamic and kinetic conditions enables control over the microstructures and functionality of polymer particles. This provides a convenient and robust tool to predict and tailor the structures of multi-phase systems to meet the specic needs of the applications of interest.
Experimental
We use a capillary microuidic device to generate monodisperse oil-in-water single emulsions. 2, 7, 16, 18, 21, 23, 24, 27, 28, 30, [35] [36] [37] In a typical capillary microuidic device, two cylindrical capillaries (World Precision Instrument Inc.), which have inner and outer diameters of 0.58 mm and 1 mm respectively, are tapered using a micropipette puller (P-97, Sutter Instrument, Inc.). The tips of the capillaries are polished to desired diameters using sandpaper. Typical tip diameters of the injection and collection capillaries are 25 mm and 100 mm, respectively. Then the polished round capillaries are coaxially aligned inside a square capillary (AIT glass). Monodisperse single emulsions can be generated using either a co-ow or ow-focusing geometry.
To prepare single emulsion droplet templates, we dissolve a polymer, poly(lactic-co-glycolic acid) (PLGA 50 : 50), and a surfactant, namely Dow Corning 749 uid or sorbitan monooleate (span 80), in dichloromethane (DCM), which is a good solvent for PLGA. The mixture is used as the dispersed phase. The concentration of the polymer and surfactant can be varied to control the size of the compartments of the resultant microparticles. Deionized water with 10% (w/v) poly(vinyl alcohol) (PVA) is used as the outer continuous phase. PVA acts as an emulsier to prevent oil droplets from coalescence. To speed up the phase separation in the droplet phase, 0.2 wt% uorescein sodium salt is added to PVA solution, which forms the outer continuous phase. Monodisperse single emulsion droplets of DCM with the polymer and surfactant are generated in a continuous phase of PVA solution using the single-emulsion microuidic device. The ow rates of the dispersed and the continuous phases in all experiments are xed at 400 and 4000 ml h À1 respectively.
The phase separation of the emulsion droplet is recorded using a high speed camera (Redlake, MotionPro X4). The morphology of resultant microparticles is characterized using an optical microscope (Motic 3000) and a variable pressure scanning electron microscope (Hitachi S3400N VP-SEM). The contact angle between the separating droplets is obtained by analyzing microscope images using an open-source image analysis soware, Image J.
Results and discussion
Phase separation between the polymer and surfactant in emulsion microdroplets is observed when the solvent diffuses out of the droplets and evaporates. 38 As soon as emulsion droplets are collected from the microuidic device ( Fig. 1(a) and  (b) ), the solvent, dichloromethane, diffuses into the aqueous continuous phase. This leads to a decrease in droplet volume by nearly 40% within 40 seconds, as shown in Fig. 1(c) and (d) , and thus an increase in the concentration of both polymer and surfactant, as shown in Fig. 1(e) . The increase in concentrations induces phase separation seconds aer the collection of oil droplets. Small droplets appear inside the emulsion droplet, which consists of a mixture of PLGA, surfactant and dichloromethane. Subsequently, the small droplets grow and coalesce into one big droplet, as demonstrated by the formation of a blurry oil-oil (O/O) interface shown in Fig. 1(c) . As a result, an oil-in-oil-in-water (O/O/W) double emulsion droplet is formed, with the core and shell phases being dichloromethane concentrated in PLGA and surfactant respectively. When phase separation occurs within an emulsion microdroplet, the concentrations of PLGA and surfactant in dichloromethane are estimated to be 6.37 Â 10 À2 g ml À1 and 4.3 Â 10 À2 g ml À1 ,
respectively. However, at these concentrations, the mixture of PLGA and surfactant should form one phase in dichloromethane, instead of two separate phases, according to the phase diagram in Fig. 1(f) . In our experiment, phase separation in the emulsion droplet is observed at concentrations about 15 times lower than expected. The occurrence of phase separation at such low overall surfactant and polymer concentrations could be due to the accumulation of surfactants at the oil/water interface, increasing the effective concentration; this can lead to the precipitation of surfactants from the PLGA-rich dichloromethane phase. The emulsion conguration with the lowest surface energy is believed to be the most thermodynamically stable. To predict the equilibrium structure, we calculate the Gibbs free energy G ¼ SA ij g ij of the core-shell droplet and of two separated oil droplets; if the interfacial tension between the core and the shell phases is larger than the difference between the core/ continuous and shell/continuous interfacial tension, g 12 > g 13 À g 23 , the conguration of two separated oil droplets is thermodynamically favored. For the initial oil-in-oil-in-water double emulsion droplet, g represents the interfacial tension, and "1", "2", and "3" denote the core phase, the shell phase and the aqueous continuous phase, respectively, as shown in Fig. 2 . In our experiment, g 13 À g 23 is a constant with a value of 0.3 mN m À1 , since the interfacial tensions are not expected to change with the increase in the concentration of either PLGA or surfactant, as shown in Table S1 . † However, g 12 increases as the concentration of PLGA and surfactant increases, as suggested by the increasingly clear oil-oil interface in Fig. 3(a) and (b). We choose two phases, 0.48 g ml À1 PLGA in dichloromethane and 0.32 g ml À1 surfactant in dichloromethane, which should resemble the compositions of phases 1 and 2 in the emulsion droplets as they start solidifying; the equilibrium interfacial tension between the two phases is measured to be 0.6 mN m À1 , which is larger than the value of g 13 À g 23 . Therefore, the conguration in which the core and shell phase are completely separated will be the most thermodynamically stable, and thus is predicted to be the equilibrium conguration. Surprisingly, instead of two completely separated droplets, acorn-like microparticles form (Fig. 3(a)-(d) ). Dewetting induces the shell phase to collect on one side of the core droplet; subsequent solidication leads to the formation of acorn-like microparticles with two distinct compartments, as illustrated in Fig. 3(a) and shown in Fig. 3(c) and (d) . Aer the formation of the O/O/W droplet at t ¼ 43.3 s, from t ¼ 46.7 s to t ¼ 58.3 s, the core phase of surfactant-rich dichloromethane continues to separate from the shell phase of PLGA-rich dichloromethane, resulting in an increase of core size as shown in Fig. 3(e) . From t ¼ 66.7 s to 80 s, phase separation reaches equilibrium and thus the core size remains the same (Fig. 3(e) ). Aer 80 s, the surfactant-rich dichloromethane droplet shrinks due to solvent evaporation, as shown in Fig. 3(e) . Meanwhile, the shell phase also evaporates and starts to move away from the core phase (Fig. 3(b) and (e)). The shrinkage of the shell phase, PLGA-rich dichloromethane, leads to a ten-fold increase in the concentration of PLGA from 4 Â 10 À2 g ml À1 to 0.485 g ml
À1
( Fig. 3(f) ). Thus, the viscosity of the shell phase increases by more than 12 times (Fig. S2 †) . The increase in viscosity leads to a reduction in the speed at which the two droplets separate. As a result, the structure of the dewetting droplets is frozen, leading to the formation of a non-equilibrium acorn-like particle with a contact angle, q, of 90 , as shown in Fig. 3(g) . One side of the acorn-like particle is made up of PLGA while the other side is a capsule formed by the precipitation of surfactants at the interface. The surfactants in the dispersed phase can precipitate at the O/W interface to form a capsule with an oil phase encapsulated inside; this is demonstrated in Fig. S3 and Video S4. † Our particles have an acorn-like structure with the two compartments remaining attached even aer over two months. If the increase in viscosity indeed accounts for the inability to achieve complete separation of the two oil droplets, which has been predicted by thermodynamic considerations, by forcing the viscosity to remain low during the separation, complete separation should be achievable. The viscosity of the shell phase is determined by the volume fraction of PLGA, which increases as the droplet volume decreases over time due to evaporation of dichloromethane. Therefore, the viscous barrier should be lowered if the phase separation process is sufficiently accelerated. To achieve this, we add to the continuous phase a salt that preferentially dissolves in only one of the two phase-separated oil phases (Fig. S5 †) . The addition of salt does not alter the O/W interfacial tension or the viscosity of the polymer-rich phase, but increases the phase separation speed, 39 and thus the speed at which the two oil phases move apart is also accelerated, as illustrated in Fig. 4 (a) and (b). As soon as the oil-in-oil droplet is formed at t ¼ 40 s, the core droplet size does not change until it is completely detached from the PLGA rich droplet, as shown in Fig. 4(b) and (d) . The constant size of the core suggests that phase separation between PLGA and surfactant is completed before t ¼ 40 s, which is almost 50 seconds earlier than the previous case in the absence of the salt with selective solubility, as shown in Fig. 4(d) . The period of the whole detaching process is about 2.36 times shorter than that for the case resulting in acorn-like structures (Fig. 4(b) and (d)); therefore, the concentration of the shell phase, PLGA-rich dichloromethane, only rises to 0.16 g ml À1 , which is about 3 times lower than that without the salt, as shown in Fig. 4 (e). Thus the viscosity of PLGA-rich dichloromethane is almost 4 times lower than that without the salt immediately aer the droplet separation process is completed. As a result, the two droplets are able to move away from each other, as shown by comparing the corresponding changes in contact angle with time in Fig. 4(f) . From t ¼ 76.3 s onwards, these two separated droplets shrink in size due to solvent evaporation (Fig. 4(d) ), and subsequently solidify into two separate spherical particles (Fig. 4(b) and (c)), with one being a PLGA microsphere and the other being a capsule with a shell layer of precipitated surfactants. Thus, the added salt accelerates the separation process and the two droplet phases have sufficient time for complete detachment from each other before they are solidied within minutes. Our results conrm our hypothesis that slow dynamics due to increased viscosity can serve as a kinetic barrier that prevents the formation of the thermodynamically favoured equilibrium structures, and this barrier can be avoided by accelerating the phase separation process. The understanding of both the thermodynamic and kinetic aspects enables control over a range of structures, including spherical with multiple patches, core-shell, Janus-like and bicompartmental with a detachable compartment, from a single emulsion droplet, as demonstrated in Fig. 5 .
Conclusions
In this work, we demonstrate that kinetic aspects during the evolution of emulsion droplet structures are important for determining the structure of polymeric microparticles fabricated from emulsion templates. Phase separation occurs between incompatible compounds upon the removal of solvents, and causes the structures of the resultant particles to evolve. Our results show that the nal structures do not always follow thermodynamic prediction; kinetic factors can also play a critical role, as demonstrated by the slowing down of droplet evolution dynamics due to the increased viscosity of the emulsion phases. By accelerating the phase separation speed, separation of the two droplet phases can be achieved before their viscosities get too high; thus the kinetic barrier can be removed. The understanding of the balance between the kinetic and thermodynamic factors during emulsion evolution allows us to achieve a range of structures in a controlled manner. It provides a robust approach for predicting and tailor-designing desired structures of multiphase particle systems to fulll the specic needs of the applications of interest. The ability to detach one compartment from the other by tuning the phase separation speed is especially useful in the fabrication of material systems, such as liposomes and polymersomes, that involve surfaceactive components from emulsion templates.
